HisH-hisF is a multidomain globular protein complex; hisH is a class I glutamine amidotransferase that hydrolyzes glutamine to form ammonia, and hisF is a (␤͞␣) 8 barrel cyclase that completes the ring formation of imidizole glycerol phosphate synthase. Together, hisH and hisF form a glutamine amidotransferase that carries out the fifth step of the histidine biosynthetic pathway. Recently, it has been suggested that the (␤͞␣) 8 barrel participates in a novel function: to channel ammonia from the active site of hisH to the active site of hisF. The present study presents a series of molecular dynamic simulations that investigate the channeling function of hisF. This article reconstructs potentials of mean force for the conduction of ammonia through the channel, and the entrance of ammonia through the strictly conserved channel gate, in both a closed and a hypothetical open conformation. The resulting energy landscape within the channel supports the idea that ammonia does indeed pass through the barrel, interacting with conserved hydrophilic residues along the way. The proposed open conformation, which involves an alternate rotamer state of one of the gate residues, presents only an Ϸ2.5-kcal energy barrier to ammonia entry. Another alternate open-gate conformation, which may play a role in non-nitrogen-fixing organisms, is deduced through bioinformatics.
T
he ability of proteins to direct ions and small molecules to active sites and across membranes is essential to many metabolic pathways, yet elucidating the mechanisms by which proteins control small molecule and substrate channeling presently remains a major challenge for scientists. Whether it is the ligand-induced gate opening of a calcium-gated potassium channel (1, 2) , the dipole-orientation selectivity filter of an aquaporin channel (3) , or the movement of a bulky residue in tryptophan synthase (4) , revealing the mechanisms used by the various proteins to both regulate their conductance and expedite the delivery of a certain necessary molecule is central to understanding how these systems work. Metabolic channeling can be advantageous for many reasons and so it is not surprising that it is a mechanism used by both membrane and globular proteins. Substrate channeling in globular proteins is becoming more widely accepted as the number of enzymes demonstrating this core function and experimental evidence supporting these mechanisms continues to grow. Metabolic channeling allows directed transport of intermediates and therefore increases the overall rate of reaction. Simultaneously it may also ensure the integrity of the intermediate by providing a conduction path that is not accessible by other molecules (5) .
HisH-hisF is a multidomain enzymatic complex regulating the fifth step of the histidine biosynthetic pathway. It belongs to the family of enzymes known as class I glutamine amidotransferases (GATases), which carry out two concerted reactions involving the production and subsequent use of ammonia. HisH comprises the glutaminase subunit that produces ammonia through glutamine hydrolysis (6, 7) , and hisF, comprising the synthase subunit, uses the ammonia to complete a cyclase reaction (8) . Recently, it has been suggested that the nascent ammonia is channeled through the (␤͞␣) 8 barrel of hisF (9, 10) . The channeling of ammonia is common to GATases because they all are coupled to a second enzymatic reaction that requires unprotonated ammonia (5, 6, 11, 12) . However, the mechanism involving ammonia conduction does not seem to be conserved among the GATases. In the GATase carbamoyl phosphate synthetase, experimental evidence has shown that ammonia does indeed traverse through a 96-Å intermolecular channel to get from one active site to the next without entering bulk solvent (13, 14) . In another GATase, glutamine phosphoribosylpyrophosphate amidotransferase, the movement of a flexible loop forms a temporary channel for the ammonia to pass through to get to the next active site (11) .
As of yet, no experimental evidence exists for hisH-hisF that conclusively shows that ammonia travels through the hisF barrel to complete the reaction. However, steady-state enzyme kinetics studies of the holoenzyme have shown that the binding of the hisF substrate to the active site of hisF stimulates enzymatic activity in hisH and that hisH shows no enzymatic activity in the absence of hisF (8, 15) . This evidence shows strong coupling between the hisH and hisF reactions. Studies of both isolated hisF and the holoenzyme have also shown that glutamine is the preferred substrate as indicated by k cat ͞K m values that favor glutamine as the ammonia source by 3 orders of magnitude over ammonium͞ammonia present in bulk solvent (8, 15) . It has been suggested for other GATases (and experimentally shown for carbamoyl phosphate synthetase) that the ability to sequester ammonia from the bulk solvent is important to ensure that it can act as a nucleophile in the subsequent synthase reactions (11, 13, (16) (17) (18) . Therefore the channeling in hisH-hisF of NH 3 Ϸ25 Å from one active site to the next, to couple the two reactions and increase the enzymatic efficiency, seems to be a very plausible mechanism. This channeling presents a novel function for this ubiquitous enzymatic fold: hisF is the first (␤͞␣) 8 barrel suggested to use its barrel as an efficient channel for reaction intermediates.
Characteristic of the superfamily to which it belongs, hisH has a strictly conserved catalytic triad active site: Cys-84, His-178, and Glu-180 (19, 20) . The active-site cysteine covalently binds glutamine, and the histidine, initially protonated, donates a proton to the amide group of glutamine to produce ammonia and glutamate. Subsequent steps allow the release of glutamate and reprotonation of histidine. Recently, high-resolution crystal structures of the hisH-hisF complex from Thermatoga maritima (9) and yeast (10) have been made available (Protein Data Bank codes 1GPW and 1JVN). Multiple sequence analysis and the available structures allow us to analyze the putative channel. HisH docks on the N-terminal side of hisF and forms 10 stabilizing hydrogen bonds between the subunits. The hisH active site is strategically positioned nearly directly above the mouth of the hisF barrel, and the number of crystallographically determined water molecules in the interface suggests that although it is partially solvated, it still remains a hydrophobic environment (Fig. 1) .
A multiple sequence alignment of all available hisF sequences is presented in Fig. 2 , in which functionally relevant residues are highlighted. At the mouth of the barrel four strictly conserved charged residues (Arg-5, Glu-46, Lys-99, and Glu-167) form a gate (Figs. 1-3 ). It has been suggested that these groups control entrance to the barrel, although the recent crystal structures seem to only have the gate in a ''closed'' conformation that is not wide enough to allow the passage of ammonia (Fig. 3) (9, 10) . Mutational studies involving Arg-5 and Glu-46 show that both residues are required for the proper function of the glutaminedependent reaction (21) . Once the ammonia enters the channel by a yet unknown mechanism, it continues its journey another 15 Å to the active site of hisF. On the C-terminal side of its barrel, hisF has two strictly conserved aspartate residues (Asp-11 and Asp-130) acting as the cyclase active site for the fifth step in histidine biosynthesis (9) . The ammonia nitrogen is incorporated into the imidazole ring of imidizole glycerol phosphate, which eventually forms histidine (6, 7, 22) .
In the various crystal structures, Lys-99 has been reported in slightly different conformations. Already these different conformations suggest that movement of the lysine may be involved in the gating mechanism. Its strict conservation among the enzymes also suggests its functional significance; other residues of the channel gate may also play a role in the gating mechanism and the nearby conserved Asp-98 and Asp-219 (Fig. 2) .
Although crystal structures shed invaluable light on many issues regarding protein function, they can only provide a snapshot of the protein at any time. Molecular dynamics (MD) simulations have been useful in elucidating function and exploring barriers to motion. Characterizing the energetics associated with select membrane proteins has been done with several different techniques. Umbrella sampling was used to determine the free energy surface associated with proton conduction in gramicidin A (23) . An alternate method is the application of Jarzynski's identity (24, 25) , which permits one to extract unperturbed free energy profiles from nonequilibrium force measurements. This technique was first demonstrated on repeated simulations of molecular pulling experiments on a model system (26) . More recently, steered MD (SMD) simulations and single-molecule RNA atomic force microscopy experiments have been successfully used to reconstruct potentials of mean force (PMFs) through the use of this relatively new technique (27, 28) . Strictly conserved residues across all sequences are shown in boldface, and residues corresponding to known and putative gating residues are marked with an asterisk. Numbering corresponds to THEMA. Note the strict conservation of gating residues Arg-5, Glu-46, Lys-99, and Glu-167. Aspartate residues suggested in possible gating mechanism (Asp-98, Asp-219) are conserved among non-nitrogen fixing organisms. We have investigated the putative path of ammonia through the hisF barrel with MD and calculated the free energy landscape for this novel function of a (␤͞␣) 8 barrel. By characterizing the energetics and the conduction pathway, we attempt to answer fundamental questions regarding the function of the holoenzyme. In addition to generating the energy landscape for the conduction of ammonia through the (␤͞␣) 8 barrel, we investigate the energy barriers between the closed gate present in the crystal structures and a possible open-gate conformation.
Theory and Methods
Modeling. The crystal structure of the hisH-hisF complex from T. maritima was used in all simulations (Protein Data Bank code 1GPW; ref. 9). The original bacterial crystal structure had an active-site mutation (D11N) that we mutated back to its original, functional state. Of the three copies of the complex provided in the Protein Data Bank file, chains C and D were chosen because Lys-99 of the channel gate was in a partially closed conformation (Fig. 3) . Active-site residues in both subunits were analyzed according to available biochemical information; as such, the hisH active site was neutralized corresponding to a postammonia release state (6, 22) . The phosphate groups bound to hisF were removed from the crystal structure. As they are required to bind the hisF substrate at the side opposite to the interface, they should only minimally influence the conduction of ammonia as it nears the end of the channel.
After addition of the hydrogens, the complex was solvated by using the programs PSFGEN and SOLVATE through VMD (29, 30) . Crystallographic water molecules at the interface were augmented with additional water molecules suggested by the program DOWSER (31) . Only those water molecules that favorably contributed (potential energy cutoff of Ϫ15 kcal͞mol) and whose immediate environment seemed likely to accommodate a water molecule were included in the model (31) . In total, 12 of the water molecules suggested by DOWSER were added at the interface. Eight sodium ions were added to neutralize the system. The composite system was comprised of 52,471 atoms; explicit solvent accounted for Ͼ40,000 of these atoms. The complex was then minimized for 10,000 steps with the MD program NAMD2 (29) ; the CHARMM27 parameter set was used throughout the simulations (32) .
Ammonia was introduced into the system by replacing one crystallographic water molecule near the entrance of the channel. Parameters for ammonia were taken from the OPLS-AA force field (33) (34) (35) . Ammonia and not ammonium was simulated for several reasons. First, ammonia is needed as a nucleophile to participate in the cyclase reaction at the hisF active site. Second, because the interface between the subunits is at least partially sequestered from solvent, as suggested by the limited number of water molecules present in the crystal structures, ammonia would probably remain unprotonated. Because of its pyramidal structure, ammonia has the ability to tunnel and perform an umbrella motion to change the plane of the hydrogens. The barrier associated with ammonia tunneling is Ϸ6 kcal͞mol, and this inversion motion is on the gigahertz time scale. Because each trajectory was 1.2 ns and all of the energy barriers to ammonia's motion through the channel were Ͻ6 kcal͞mol, we did not take the umbrella motion into account.
The starting configuration of the protein complex, all water molecules, and ammonia was equilibrated for 1 ns in the NPT ensemble by using periodic boundary conditions and the Langevin Piston method to control pressure at 1 atm. The Particle Mesh Ewald method was used to treat electrostatics without a cutoff (36) . The system was equilibrated at 298.15 K with a time step of 1 fs. The nitrogen of ammonia was held fixed so it would stay close to the channel opening. The initial minimization and equilibration of the system revealed that to keep Lys-99 in the partially closed configuration, geometrical constraints were needed; otherwise after a few hundred femtoseconds of equilibration, the lysine would go back to the completely closed gate conformation. Protein equilibration was determined by monitoring the rms deviation of backbone atoms and fluctuations in volume. The rms deviation of the C␣ atoms was Ϸ1 Å at the end of the equilibration.
The structure was examined for nearby charged and polar residues that could stabilize more open conformations of the gate. Using the molecular modeling program MOE (version 2002.03, rotamer explorer) (37) energetically low-lying rotamer states of the gate residues were identified. The side-chain dihedral angles in the closed gate for Lys-99 (for 1GPW, chain C) are 175, Ϫ153, Ϫ72, and Ϫ57 degrees ( 1 through 4 ,  respectively) . One of the low-lying rotamer states corresponded to a gate configuration that allowed hydrogen bonding between Lys-99 and a strictly conserved tyrosine from hisH at the interface (Tyr-
SMD Simulations.
The center of mass of ammonia was subjected to a harmonic potential that moves along the channel axis with a constant velocity. The force vector was chosen along the channel axis (z axis), and the center of mass of ammonia was pulled through the channel until it reached the plane of Asp-11 and Asp-130 in the active site of hisF. A pulling speed of 15 Å͞ns and a force constant k of 150 pN, which ensures minimal variance in the position of ammonia across the trajectories, were chosen. Each SMD trajectory was performed in the forward direction for 1.2 ns under simulation conditions similar to equilibration. SMD was also applied to conduct ammonia through the open-gate structure with Lys-99 in the alternate rotamer state. Also for this run we held the lysine fixed in the open position. Each run through the open-gate conformation was simulated for 1.2 ns; eight runs were performed to gather reasonable statistics. All runs were performed on either the National Center for Supercomputing Application's Platinum computer system (128 processors), the Pittsburgh Supercomputing Center's Terascale system (128 processors), or a local 32-processor Linux-i686-Scyld cluster. On these platforms each 1.2-ns trajectory took 20 h, 1 day, or 5 days, respectively. In total, Ͼ40 ns of simulation time were performed on the system. PMF Reconstruction. The PMF is the average free energy potential experienced by ammonia as it moves through the channel. The system and SMD biasing potential are treated as a classical mechanical system with a time-dependent Hamiltonian
, where H 0 [x(t)] is the Hamiltonian of the unperturbed system at time t ϭ 0, k is the spring constant of the harmonic constraint used to pull the ammonia, z(x) is the position of the ammonia center of mass initially positioned at z 0 , and v is the velocity at which the harmonic potential is moving. H 0 is the generalized Hamiltonian:
), p(t)] for the canonical ensemble or H 0 [x(t)] ϭ H 0 [r(t), p(t)]
ϩ PV for the isobaric-isothermal ensemble. The external work done by pulling ammonia through the protein from z 0 to a point z M is
[1]
Using the Jarzynski identity (24, 25) for systems perturbed by an external time-dependent force, we can relate the work along an ensemble of trajectories to the free energy difference By definition, the unperturbed free energy profile along the channel is
Following Hummer and Szabo (26), we construct the unperturbed free energy profile by making use of a related form of the identity developed by Jarzynski (24, 25) and Crooks (38) where ᐃ(tЈ) ϭ W(tЈ) Ϫ 0.5k(z(x(tЈ)) Ϫ vtЈ) 2 . ᐃ(t) is the total external work performed on the system minus the instantaneous biasing potential. The unperturbed free energy profile following from Eq. 5 is
Ϫ␤ᐃ(tЈ) ͘ traj , and it is reconstructed by using the methods of Jensen et al. (27) , where the exponential average is evaluated by using the second-order cumulant expansion and the ensemble average is restricted to trajectories satisfying z[x(t)] ϭ zЈ.
The PMF force curves are shown in Fig. 4a . For each of the trajectories, one of every 100 data points is sampled (1 data point every 100 fs) and the total external work is numerically integrated with dt ϭ 0.1 ps. The trajectories are broken up into j time slices of ⌬t ϭ 10 ps each, and the mean position of ammonia in each time slice is determined. In any given trajectory, only a small area around the position z will be sampled. We average over the time slices and later, over multiple trajectories, to determine the most accurate free energy surface. Choosing a large spring constant reduces the fluctuations in position within a time window among trajectories, therefore z Ϫ z(tЈ) is minimized and the first term in Eq. 6 drops out. Ultimately, the free energy profile is calculated according to:
where z (j) denotes the average position of ammonia in each time slice, ͗z (j)͘ is the average ammonia center of mass position in each time slice over all trajectories, and ᐃ ( j) is the average work performed on ammonia in each time slice for each trajectory. The average total work over all trajectories in each jth time slice is:
where a is in our case either 1 or 2, N is the total number of trajectories, ͐ j denotes integration over all of the j time slices, and t (j) is the average time that elapsed in the jth time slice over the trajectories.
The simulations were carried out in both the NPT and NVT ensembles. Until now, most PMF calculations and derivations have been carried out in the NVT ensemble (24-27), although Liphardt et al. (28) reconstructed PMFs from atomic force microscopy experiments in the NPT ensemble for singlemolecule RNA experiments. To mitigate any questions regarding the validity of the ensemble for PMF calculations, we ran 10 additional NVT ensemble runs under identical conditions. The force curves for both the NVT and NPT ensembles are nearly identical (data not shown).
Results and Discussion
Gating Mechanism. The gating mechanism of hisF is presently unknown. There is no experimental evidence to date that characterizes any gating mechanism. Although mutational studies of the complex have shown that Arg-5 and Glu-46 are indeed required for the glutamine-dependent reaction, no other significant evidence is available (8, 21) .
The present simulated open-gate conformation of the hisF channel is consistent with a suggestion by Chaudhuri et al. (10) for the eukaryotic hisH-hisF complex. This low-lying alternate rotamer state of Lys-99 allows it to hydrogen-bond to the strictly conserved Tyr-138 from hisH, thereby increasing the gate diameter, defined by the distance between the nitrogen of Arg-5 to the next closest atom across the plane of the gate, from 3.72 to 5.84 Å (Fig. 3) . To maintain the open-gate configuration throughout the entire simulation, the lysine needed to be held fixed in the alternate rotamer state. The fact that it closed after a few hundred femtoseconds of equilibration when no constraints were applied suggests that a force stronger than hydrogen bonding is needed to hold it in an open configuration.
In a parallel simulation of the hisF subunit alone (unpublished data), we used interactive MD (39) to form a stable open-gate configuration where Lys-99, instead of participating in a hydrogen bond with Tyr-138 of hisH, forms a salt bridge with the nearby and strictly conserved ASP98 of hisF. Although Douangamath et al. (9) suggest that this particular aspartate is involved in a hydrogen bond between the two subunits, it may also participate in the gating mechanism. Simulations on the unconstrained system showed that the salt bridge between these two residues remains intact for several hundred picoseconds. After ammonia passes the gate, the salt bridge breaks and a new ionic contact, with one of the glutamate residues of the gate, is formed. This rearrangement of salt bridges actually allows the gate to close once ammonia has passed. The stability of salt bridges in this region is increased by inaccessibility of the interface to bulk solvent; ionic contacts in a partially hydrophobic environment are even stronger than they would be in a completely solvated environment because of decreased coulombic screening. It is also interesting to note that in the simulations of the hisH-hisF complex, Asp-98 is involved with a salt bridge to Lys-181 of the hisH subunit.
Without knowing the energy barriers to reach the low-lying rotamer states, we cannot rationalize this as a conformation gating mechanism as seen in acetylcholinesterase (AChE) (40) . In AChE, there are rapid conformational fluctuations between open and closed states. Because extended simulations do not show gate-opening fluctuations in the gate configuration, it is likely that the gating mechanism is part of a more activated event, such as a conformational change in the protein accompanying substrate binding. If this is the case, then the infrequency of this motion is better described by an intermittency model (41) .
Another possible gating mechanism may involve Arg-5 of the gate and a nearby conserved Asp-219, which if both residues are in other rotamer states, may form another salt bridge. Interestingly, of 54 aligned sequences, Asp-219 is occupied by a negatively charged residue in 44 organisms (Asp or Glu), and only in 10 species, which are all nitrogen-fixing organisms, is it some other residue (Fig. 2) . One of the unique properties of nitrogen-fixing organisms is that they are able to convert N 2 into NH 3 , thus from an evolutionary standpoint it is possible that because these organisms can make their own ammonia, they don't need to use glutamine as the ammonia source. This idea is further corroborated by experimental evidence that shows the hisF reaction can still occur regardless of the source of ammonia; in fact, the reaction can proceed even when the hisH-hisF complex is not formed (8, 15) . During the simulations, Asp-219 forms a salt bridge with a different arginine, Arg-191 of hisF. When both Lys-99 and Arg-5 are involved in these alternate salt bridges to Asp-98 and Asp-219, the diameter of the gate increases from 3.2 to 6.9 Å.
Conduction Mechanism, Energetics, and Dynamics. The conduction mechanism for ammonia through the channel can be deduced from the PMF reconstructed in Fig. 4b together with the examination of the interactions between ammonia and the channel. The small barriers of the PMF illustrate the network of hydrogen bonds formed and broken as ammonia progresses through the channel. In the trajectories, ammonia interacts with the hydrophilic residues Thr-78, Ser-101, and Ser-201 as it passes through the barrel center; the positions of these residues are shown in Fig. 4b . All three residues are conserved: Thr-78 is either a threonine or cysteine in 52 of 54 available sequences, Ser-101 is highly conserved in 51, and Ser-201 is invariant. The high conservation of these groups strongly suggests their vital functional role as an ''ammonia relay'' where ammonia is passed through the channel from one of these residues to the next, until it reaches its final destination at the active site of hisF. Also helping to break these hydrogen bonds in the channel is the constant presence of one or two water molecules. Although our simulations do not appear to suggest a constant ''proton wire'' (23) , there is at least one water molecule within hydrogenbonding proximity of ammonia for the duration of the simulation. The activity of the water molecules is not the same in different trajectories, and only some of the trajectories show a water conduction event through the predominantly hydrophobic tunnel along with ammonia. This surprising water passage indicates that it may indeed be possible for the predominantly hydrophobic channel to pass water and ammonia during the conduction process. In other trajectories, ammonia interacts with one crystallographically resolved water molecule when it enters the channel. As it proceeds through the channel this water molecule travels with the ammonia until after it passes Ser-101. At that point, a water molecule originally located in the bulk solvent near the end of the channel travels up into the barrel until it reaches the ammonia and then ''escorts'' the ammonia the rest of the way back out of the channel to the active site of hisF.
On average, it took the ammonia Ϸ400 ps to pass through the closed gate, as compared with 150 ps in the proposed open conformation. Fig. 4a shows the forces required to pull ammonia through the closed gate; the steep wall of the PMF (Fig. 4b) suggests that the free energy barrier for the passage of ammonia through the closed gate is at least 1 order of magnitude higher than the proposed open gate. We estimate the energy barrier for ammonia entry through the closed gate is between 25 and 40 kcal͞mol. The PMF of the open gate is also shown in Fig. 4b and has a barrier of 2.8 kcal͞mol. This significantly smaller barrier to ammonia entry makes physical sense because it should be easier for ammonia to pass through a larger opening. Because a 25-to 40-kcal͞mol free energy barrier would be nearly impossible to be carried out physiologically, the PMF strongly suggests that the gate undergoes a conformational change that disrupts the gate salt bridges to expedite the passage of ammonia.
Accurate reconstruction of any PMF relies on minimal variance in the work applied to the system; it has been suggested that it is ideal if the standard deviation of work is on the order of k B T (26) . A smooth trajectory was generated in every region of the channel except for the closed gate. The large forces required to pull ammonia through the closed gate caused a sudden large displacement of ammonia after passing through the plane of the gate residues. Consequently, these strong nonequilibrium effects caused the variance of the work to increase in this poorly sampled region. Fig. 4b shows the steep upward curve for the closed gate, after which the poor statistics destroy the accuracy of the PMF. For the conduction of ammonia through the channel, the PMF in Fig. 4b shows that it fluctuates between 3.8 and Ϫ0.5 kcal͞mol depending on its position in the channel. The variance of the work in all of the segments for analysis was Ͻ0.4 kcal͞mol (less than k B T).
In all simulations, at least one water molecule is within hydrogen-bonding distance of ammonia at all times. The interactions of the water molecule seem especially important when ammonia makes large translational moves as it switches its bonding from one hydrophilic residue to the next. The dipole orientation parameter of ammonia was averaged over all of the trajectories and it clearly shows that the dipole moment undergoes several transitions as the ammonia progresses through the channel (3) (Fig. 5) . The various dipole orientations correspond to the positions of the highly conserved hydrophilic residues lining the channel. As ammonia passes through the gate, it has a clear preference for the dipole to be oriented so that its nitrogen can form a hydrogen bond with the hydrogen of Lys-99. However, once it is inside the channel, it flips its orientation several times as it optimizes its position to interact with the conserved hydrophilic residues and form stable hydrogen bonds. There are several places where its interaction with water also causes a directional dependence (Fig. 5) .
Conclusion
Channeling enzymes are of intense interest as the number of enzymes demonstrating this type of function grows. The need for glutamine amidotransferases to use substrate channeling as a core enzymatic function has been identified with an increasing number of systems, although as of yet no similarities, other than the need to shuttle ammonia from one active site to the next, seem evident. The closed-gate energy barrier to entry of ammonia is very high and some motion at the interface is needed to bring the gate residues into one of their low-lying rotamer states. Although there are a number of energerically low-lying rotamer states, rotating Lys-99 to hydrogen-bond to Tyr-138 of hisH clearly opens the channel enough for the passage of ammonia. The small barriers as seen in our calculation of the open gate channel are consistent with suggestions of the bound complex providing a putative channel for ammonia passage (9, 10) . The reconstructed PMFs and dipole analysis elucidate a full conduction event. Although the channel is predominantly hydrophobic, it is evident from the analysis that the conserved hydrophilic residues within the channel and the presence of a few water molecules inside the channel are essential to the conduction of ammonia. Mutations of the interacting residues should affect the free energy profile of ammonia in the channel and the overall reaction kinetics.
Although rotation of Lys-99 opens up the channel and significantly decreases the energy barrier for the entrance of ammonia into the channel, we believe this is only one part of the gating mechanism. For the gated membrane channel protein, OmpA, Bond et al. (42) suggest a gating mechanism involving an alternate rotamer state of an arginine in the channel. It is entirely possible that multiple residues are in alternate rotamer states to allow ammonia into the channel. Other rotamer states involving the salt bridges between gate residues and nearby charged residues, such as Asp-98 and Asp-219, might give rise to longer-lived open states. Preliminary simulations indicate that inclusion of the hisH and hisF substrates results in an increase in the fluctuations of the four gate residues and the backbone of hisF. This seems to support the idea the hisF substrate plays a key role in initiating the activated gating events.
